Abstract: Background: While protein therapeutics are invaluable in managing numerous diseases, many require frequent injections to maintain therapeutically effective concentrations, due to their short half-life in circulation. PolyXen™, a platform and patented technology employing biodegradable, non-immunogenic and hydrophilic polysialic acids (PSA) for drug delivery, is being utilized to overcome such limitations, thereby potentially enabling the clinical utility of a broad range of protein therapeutics. Here, we report the recent progress on two development candidates, polysialylated deoxyribonuclease I (PSA-DNase) and polysialylated erythropoietin (PSA-EPO).
INTRODUCTION
Biopharmaceutical drugs, including peptides and proteins, have transformed medicine, as they can address targets that often are not treatable by small molecules. However, complex macromolecules do have limitations, such as sensitivity to storage conditions, instability in circulation, undesired immunogenicity and antigenicity, which can lead to reduced clinical and commercial utility. Half-life extension is a common approach to improve biological therapeutics, as clinical efficacy is highly dependent on this pharmacokinetic (PK) parameter. Methodologies for extending half-life include polymeric delivery, design of fusion proteins, *Address correspondence to author at the Xenetic Biosciences, Incorporated, 99 Hayden Avenue, Lexington, MA 02421, USA; Tel/Fax: +01-781-778-7720; E-mail: c.lockshin@xeneticbio.com #Authors contributed equally.
glycoengineering and nanoparticles [1] [2] [3] [4] [5] [6] , all of which have been employed for developing next-generation biopharmaceuticals.
PolyXen™ is a platform technology for drug delivery, in which polysialic acid (PSA) a naturally occurring, highly hydrophilic, non-immunogenic, linear homopolymer of sialic acid (N-acetyl neuraminic acid, Neu5Ac) is attached to a protein to improve its in vivo pharmacokinetics and pharmacodynamics (PD) [7, 8] . The polysialic acid used (also called colominic acid) in PolyXen™ consists of 2-8 linkages and is present in both microbes and human tissues. Of particular noteworthiness, microorganisms coated with this polysaccharide, such as N. meningitidis serogroup B (NmB), can evade human immune surveillance and complement response [9, 10] . In addition, certain tumor cells overexpress glycoproteins containing terminal sialic acids, forming sialic acid decorated surfaces which avoid recognition by immune cells [11, 12] . Recognizing these stealth features enabled by sialic acids, it was postulated that polysialylation could reduce the immunogenicity and antigenicity of therapeutic proteins [13] . Furthermore, PSA is highly hydrophilic and is suitable as a bulking agent to improve the pharmacokinetics of protein drugs, in a manner conceptionally similar to PEGylation and XTEN technology [14] [15] [16] . PSA is inherently biodegradable and the catabolic products are not known to be toxic. All these properties are important for next-generation therapeutics, especially in clinical scenarios where chronic use is required (e.g. anemia).
Several proteins have been polysialylated in attempts to improve their pharmacological properties including highly immunogenic enzymes such as asparaginase [17, 18] , metastable proteinase inhibitor 1-antitrypsin [19] , tissuepenetrating antibody fragments [20, 21] , blood clotting factor VIII (FVIII) [22, 23] , and dimeric as well as tetrameric butyrylcholinesterase [24, 25] . Here, we report the effects of polysialylation on deoxyribonuclease I (DNase) and erythropoietin (EPO), with respect to protease protection, thermal stability, biological activity, duration of action and in vivo efficacy. Previous and ongoing studies suggest that polysialylation could serve as a broadly applicable and effective approach for enhancing therapeutic proteins [26] [27] [28] .
DNase is an endonuclease that selectively cleaves the phosphodiester bond in deoxyribonucleic acid (DNA). Its recombinant form, Dornase (Pulmozyme ® ), has been used in combination with standard therapies for the treatment of cystic fibrosis (CF), as it effectively breaks down the abundant extracellular DNA found in mucus of CF patients, thereby reducing the mucus' viscoelasticity and facilitating its clearance from the lungs [29] . As the lung secretions of CF patients are rich in proteases, a stable, protease-resistant form of DNase represents an opportunity for an improved next-generation therapy [30] .
Recombinant human erythropoietin (rhEPO), an erythropoiesis-stimulating agent (ESA), has become indispensable for the treatment of all forms of anemia [31] . Since the approval of Epogen in 1989, considerable efforts have been devoted to improve this protein, which requires multiple injections per week because of its rapid renal clearance due to its small size of ~30 kDa. These efforts have led to the commercial availability of long-acting EPOs such as Aranesp ® and Mircera ® .
The success of long-acting EPOs relies on the retained interaction between EPO and its cognate receptor (EPOR) at a molecular level [32] [33] [34] , and the prolonged residence time at a systemic level. As hyperglycosylation and PEGylation of EPO at selective sites resulted in Aranesp and Mircera that have improved PK properties and in vivo activity [33, 35, 36] , we reasoned that attachment of PSA to the N-terminal end of EPO would likely afford an active conjugate with extended circulating half-life, thereby potentially yielding a commercializable next-generation EPO therapy. Several elimination pathways of EPO (e.g. renal clearance, receptor-mediated endocytosis and degradation, and possible others) are likely hindered simultaneously by the attached PSA.
MATERIALS AND METHODS

Materials
Polysialic acid was manufactured using E.coli K1 cells at Serum Institute of India Limited (SIIL) according to Current Good Manufacturing Practice (cGMP) standards. Briefly, cells were grown in a bioreactor under controlled conditions (e.g. media, pH, dissolved oxygen and agitation) for a defined period. PSA was harvested, hydrolyzed, purified, oxidized and then lyophilized to give activated PSA with various molecular weights (MWs) [37] . The activated PSAs generally had a degree of oxidation in the range of 80 120%, polydispersity (pd) less than 1.15, O-acetylation less than 0.35 mole%, free amine content less than 0.1 mole% and endotoxin unit (EU) below 100 EU/100 mg.
Recombinant human DNase (rhDNase) was manufactured under cGMP conditions by Catalent Pharma Solutions (Madison, WI, USA) using a proprietary Chinese hamster ovary (CHO) cell line. PSA-DNase used for clinical trial was manufactured at Pharmsynthez using the reductive amination method as described in Section 2.2 below. PSA-DNase was formulated in calcium chloride and sodium chloride at pH 6.3. Carla Riberiro, The Cystic Fibrosis Center and Department of Medicine, University of North Carolina, provided supernatant of mucopurulent material (SMM) used in DNase assays.
Recombinant human EPO (rhEPO) alpha was produced in CHO cells using serum-free media at SIIL under cGMP. PSA-EPO used for clinical trials is formulated as a sterile, preservative-free solution for subcutaneous (SC) administration. The drug product contains PSA-EPO drug substance and sodium chloride, sodium dihydrogen phosphate monohydrate, disodium hydrogen phosphate dodecahydrate, sterile water for injection.
Sodium cyanoborohydride, sodium azide, acetonitrile, trifluoroacetic acid, PBS and other common chemicals were procured from Sigma-Aldrich and were used directly. Endosialidase (Endo-N) was from ABC Scientific. Electrophoresis gels, staining agents and running buffers were from Life technologies.
PSA-DNase
Synthesis and Purification of PSA-DNases
Sodium periodate-activated PSA (14, 24 or 32 kDa) was coupled to DNase, intended at N-terminal primary amines, by means of reductive amination in the presence of sodium cyanoborohydride (NaCNBH 3 ), using procedures similar as previously disclosed [38] . In the case of glycan-directed conjugation, PSA was functionalized with an amine-bearing linker. Glycans on the DNase molecule were activated with sodium periodate, followed by reductive amination assisted by sodium cyanoborohydride [39] . The conjugates were isolated by hydrophobic interaction chromatography (HIC), anion exchange chromatography (AEX), ultrafiltration and diafiltration (UF/DF).
Molecular Characterization of PSA-DNases
The purified PSA-DNase conjugates were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), size exclusion chromatography-tetra detector array (SEC-TDA), resorcinol assay and reverse phase-high performance liquid chromatography (RP-HPLC) for their MW, PSA to protein molar ratio and purity [40] . The starting recombinant DNase was characterized by liquid chromatography-mass spectroscopy (LC-MS) and HPLC for its peptide backbone and glycan profiles, and the starting PSA was characterized for its degree of oxidation, MW and pd by colorimetric assay and SEC-TDA. The enzymatic activity of conjugates was determined by a methyl green (MG) assay as previously described [41, 42] .
DLS Characterization of PSA-DNases
The conjugates were analyzed for their size by dynamic light scattering (DLS) using a Malvern Zetasizer nano ZS. The thermal stability of DNase and PSA-DNases was evaluated by melting point experiments. The unconjugated PSA was added to DNase solution, at molar ratios of 1:1 or 10:1, to serve as controls.
DNA Degradation Assay
Genomic deoxyribonucleic acid (DNA) was treated with DNase and PSA-DNase over 6 hour (h) at 37°C. Samples at various time points were applied to agarose gel, electrophoresed, stained by ethidium bromide, and imaged. Nontreated genomic DNA and a 10kb ladder were included as controls.
Enzymatic Activity after Treatment with SMM
DNase and PSA-DNases (0.6 g/mL) were incubated with SMM for 6 h, then genomic DNA was added for 30 minutes (mins). A PicoGreen assay was used to measure the residual DNA concentrations, as previously described [43] .
Rheological Measurement of CF Sputum after Enzyme Treatment
Cystic fibrosis (CF) sputum was treated with DNase and PSA-DNases for 15 mins, and changes in rheological properties were measured using a Bohlin Gemini rheometer using a 20mm parallel plate geometry as previously described [44, 45] .
Phase I Clinical Trial of PSA-DNase
A single center, open-label, non-randomized phase I clinical study, sponsored by Pharmsynthez, evaluated the safety and tolerance of PSA-DNase prepared using 14 kDa PSA via reductive amination (14K PSA-DNase RA) in two consecutive groups at repeated inhalation by healthy volunteers during 7 days.
PSA-EPO
Synthesis of PSA-EPO
Sodium periodate-activated PSA (15 kDa) was coupled to EPO via reductive amination at molar ratio of PSA to EPO 25:1 in the presence of sodium cyanoborohydride at room temperature. The conjugates were isolated by HIC, AEX and gel filtration chromatography, followed by UF/DF [46] .
Molecular Characterization of PSA-EPO
The apparent MW of the conjugate was determined by SDS-PAGE. Protein concentration was determined by UV 280nm and/or amino acid analysis. The resorcinol assay was used to determine PSA content.
The primary structure (amino acid sequence) of PSA-EPO was determined by electrospray ionization time-offlight mass spectrometry (ESI/TOF-MS) analysis of the polypeptide after removal of N-glycans. RP-HPLC peptide mapping of the N-deglycosylated peptides using Endo Lys-C and trypsin-digested mixtures were employed for identification of conjugation sites.
Circular dichroism (CD) spectra of EPO and PSA-EPO were recorded in the far-UV region. Thermal denaturation was monitored by following the CD signal at 222 nm. T m was determined using a sigmoid fit representing a two-state transition.
In Vitro Degradation of PSA-EPO
PSA-EPO was incubated with Endo-N sialidases at various ratios at 37°C; the mixtures at time points were profiled by SEC-HPLC to detect the hydrolysis of PSA.
In Vitro and In Vivo Bioactivity of PSA-EPO in Animals
Female Wistar rats (8 9 weeks old) were subcutaneously injected with EPO or PSA-EPO on day 0 (0.6 or 1.5 g/kg). Blood samples (20 L) were taken from the tail vein at day 0, 4, 7, 9 and 11. An aliquot of blood samples was diluted with Reticdye R and analyzed for reticulocytes by fluorescence-activated cell sorting (FACS). In vitro bioactivity of PSA-EPO was also determined on murine splenocytes, derived from anemic mice using a 3 H-thymidine incorporation assay [47] .
Clinical PK and PD
A multi-center, open-label, randomized, parallel group, single-dose study in CKD patients not on dialysis was conducted to evaluate PK and PD properties of PSA-EPO. Three cohorts of CKD patients, not on dialysis were administrated with PSA-EPO at three dose levels (0.5, 1.0, and 2.0 g/kg) via single SC injection. Blood samples were drawn pre-dose and post-dose at time points, centrifuged, decanted and stored at -20°C until analyzed. The serum PSA-EPO was detected by an analyte capture sandwich enzyme-linked immunosorbent assay (ELISA). The assay is sensitive in detecting PSA-EPO in human sera with a lower limit of detection (LOD) for PSA-EPO at 526 pg/mL. The absolute reticulocytes were measured by flow cytometry using a Coulter Counter.
Immunogenicity Assay
Luminex beads were coupled with either PSA, EPO, or PSA-EPO, and the conjugated beads were used to capture any anti-PSA, anti-EPO, or anti-PSA-EPO IgG and IgM antibodies from human sera collected at day 28 post-dose. Secondary antibodies (anti-polysialic acid-NCAM antibody, clone 2-2B, Chemicon, anti-human IgM-PE conjugated antibody, or anti-human IgG, Jackson ImmunoResearch) were used for detection. Raw data collected on the Luminex instrument were analyzed using Masterplex QT to estimate antibody concentrations (if any) by comparison to a 4-P standard curve.
RESULTS AND DISCUSSION
Polysialylated DNase
Construction of PSA-DNase
Polysialylated DNases were prepared using two different conjugation strategies: one targeted glycosylation sites for PSA attachment, while the other preferentially linked the PSA chain to N-terminal primary amines. PSA (Fig. 1A) from E.coli fermentation was sized by hydrolysis, activated by sodium metaperiodate, and fractionated to give polymers with defined MW and pd [48] . The activated PSA contained an aldehyde group at the non-reducing end of the polymer chain (Fig. 1B) . For N-terminal derivatization, the activated PSA reacted with the N-terminal primary amines of DNase to generate PSA-DNase RA under mildly acidic conditions (Fig. 1C) [40] . For glycoconjugation, the activated PSA was functionalized with an amine-bearing linker, and the surface carbohydrates of DNase were oxidized to generate aldehydes [49] . The amine-functionalized PSA then reacted with aldehyde-containing DNase to create PSA-DNase glycan polysialylation (GP) [50] . The conjugates were then purified by HIC and AEX chromatography, and UF/DF.
Characterization of PSA-DNase
The conjugates were characterized for their MW, degree of conjugation, molecular size, enzymatic activity and thermal stability. Their apparent MW was characterized by SDS-PAGE, (see Supplement Fig. 1 for representative conjugates). Their degree of conjugation was determined by a resorcinol assay, and/or confirmed by SEC-TDA ( Fig. 2A) . All PSA-DNase conjugates were analyzed by a methyl green (MG) assay for their activity [41] , relative to a reference DNase. Six out of the 10 conjugates displayed greater than 50% enzyme activity relative to the reference standard (Fig.  2B , Supplement Table 1 ). The conjugates with single PSA chain attached at the N-terminus retained the most DNase activity, and the conjugate with the smallest PSA chain length in the range studied had the best activity. The conjugates with PSA chains attached to the glycans were less active, compared to the N-terminal conjugated DNases. Multiple attachments of PSA chains resulted in further decreases of enzymatic activity. Still, with two 32 kDa PSA attached at the glycans, the conjugate retained significant activity (~50% of activity of DNase). Based on the retained enzymatic activity and cost of manufacturing at scale, the 14K PSA-DNase RA, 24K PSA-DNase RA and 24K PSA-DNase GP were selected for further characterization.
The molecular sizes of 14K PSA-DNase RA and 24K PSA-DNase RA were measured by SEC-TDA and dynamic light scattering (DLS). As the correlation between apparent size and MW differs for proteins and PSA polymers (the increase in a PSA polymer's apparent size vs. MW is greater than for proteins, due to a difference in respective hydration dynamics and intramolecular tertiary interactions) interpretation of sizing measurements for PSA-protein conjugates requires application of its own empirical standard. As shown in Fig. 2C , the size of 14K PSA-DNase RA (~47 kDa) is similar to that of bovine serum albumin (BSA) dimer with an MW of ~120 kDa, and the size of 24K PSA-DNase RA (MW ~57 kDa) is close to that of trimeric BSA (MW ~180 kDa). Considering that the pore size for filtration in the renal membrane is about the size of monomeric BSA, the conjugation of a 14 kDa PSA to a protein of DNase size (~32.6 kDa) would provide enough bulking effect to decrease the direct removal of the conjugates by the renal clearance pathway.
Thermal stability of proteins is often indicative of both in vivo stability and stability in commercial formulations. Thermal denaturation of various PSA-DNases was evaluated by DLS. The onset of unfolding/aggregation of all PSADNases occurred at a temperature ~5°C higher than that of DNase (Fig. 2D) . This unfolding and aggregation were irreversible, consistent with a previous study on DNase [51] . The sizes of aggregates of 14K PSA-DNase RA and 24K PSA-DNase RA upon heating were much smaller, compared to those generated from DNases. The measured particle size of DNases with PSA added to the assay buffer, increased with temperature ramping in a manner similar to that of DNase alone. These results demonstrate that covalently linked PSA, not the free PSA in the solution, provided a stabilizing effect against the thermal stress and mitigated the formation of large aggregates. A similar protective property against environmental stressors has been reported for a trehalose glycopolymer [52] and heparin-mimicking polymer [53] (a copolymer consisting of styrene sulfonate units and methyl methacrylate units bearing PEG side chains) designed by Maynard and coworkers. 
Genomic DNA Digestion
Genomic DNA digestion by 14K PSA-DNase RA was compared side-by-side with Dornase at concentrations of 0.6 and 3 g/mL (based on the specific activity of the protein). Migration patterns of digested DNA in the agarose gel were visually inspected and used to evaluate the enzyme activity. Intact genomic DNA migrated as a diffuse smear, while DNA treated with enzymes ran faster and condensed into narrower bands that represented a distribution of low MW DNA fragments. Further digestion of these cleaved DNAs generated much smaller fragments that run off the gel. Both 14K PSA-DNase and Dornase hydrolyzed DNA in a time-and concentration-dependent fashion (Fig. 3) , and dis- The control samples contained DNase with free PSA added, with a molar ratio of PSA to DNase at 1:1 or 10:1. Conjugates were formulated in 150 mM NaCl, 1 mM CaCl 2 , pH ~6.3. Fig. (3) . Side-by-side comparison of 14K PSA-DNase RA (1) and Dornase (D ) with respect to genomic DNA digestion. DNA samples were treated with enzymes at two concentrations (0.6 and 3 g/mL) and analyzed at various time points over 6 h. The amount of enzymes used was adjusted based on their specificity activity. Non-treated DNA (NT) and a 10 kb ladder were included as controls. The agarose gel was stained with ethidium bromide. played a similar activity profile, with 14K PSA-DNase RA being slightly more active at several time points. Similar results for enzyme activity were also obtained in CF sputum (data not shown).
Enzyme Stability in SMM
The enzymatic activity of PSA-DNases was next tested in the SMM from CF lung secretions, which contain proteases typically found in CF lungs such as neutrophil elastases. PSA-DNases were incubated with SMM for 6h and then genomic DNA was added. After 30 mins, DNA concentrations were measured by a PicoGreen assay [43] . Dornase lost activity and was similar to the PBS control samples, while all three PSA-DNase species continued to digest DNA (Fig. 4A) . The results demonstrated that PSA-DNases are more stable than Dornase and remain active in a proteaserich, physiologically relevant environment.
Short-term Effect on Rheology of CF Sputum
To investigate whether PSA-DNases are more effective than Dornase at reducing the viscoelasticity of sputum, CF sputum was treated with three forms of DNases for 15 mins after which the rheological properties were measured by a cone and plate rheometer. All three compounds significantly decreased viscoelasticity of sputum (Fig. 4B) .
Dornase reduced the elastic modulus of sputum (G ) by 80%, and the viscous modulus (G ) by 72%, relative to nontreated sputum (NT data not shown). The 14K PSA-DNase RA reduced G and G by 86 and 82%, respectively. Both 14K PSA-DNase RA and 24K PSA-DNase GP were superior to Dornase in reducing the viscoelasticity of CF sputum, with the effect more pronounced on the elastic modulus.
These aforementioned studies have demonstrated that polysialylation can increase the thermal and proteolytic stability of DNase. The chain length of PSA, conjugation sites, and the number of PSA chains attached, all have an impact on the enzymatic activity. Polysialylated DNases were superior to Dornase in reducing the viscoelasticity of CF sputum. It will be useful to further investigate the structureactivity relationships of various conjugated DNases, in order to optimize the balance between nuclease activity and resistance to proteases.
The statistical analysis (ANOVA) of the effect of PSADNase on CF sputum from several experiments showed that the treated samples (D , and both PSA-DNases) are statistically different from the control. T-test of the individual treatments show that PSA-DNase is statistically significantly different from D , but the two PSA-DNases treatments were not statistically different from one another.
Clinical Safety and Tolerability
The single center, open-label, non-randomized phase I clinical study, evaluated the safety and tolerance of 14K PSA-DNase RA in two consecutive groups at repeated inhalation by healthy volunteers for 7 days. Six volunteers in the first cohort were treated with a daily dose of 2,500 units of the investigational drug in 2.5 mL solution, while another 6 volunteers in the second cohort were administrated with 5,000 units in 5 mL solution. After 7 days of treatment, no significant adverse events and no significant influence on the respiratory function parameters were observed, demonstrating that 14K PSA-DNase RA is safe and well tolerated.
In addition to CF, PSA-DNase may be useful for other disease indications where excess extracellular DNA or neutrophil extracellular traps (NET) contributes to disease progression [54] , such as chronic obstructive pulmonary disease, metastatic pancreatic cancer and breast cancer [55, 56] as well as stroke [57] .
Polysialylated EPO
Construction of PSA-EPO
PSA-EPO was generated from 15 kDa PSA and fully glycosylated recombinant EPO via reductive amination. The target 15K PSA-EPO was purified by HIC, AEX, SEC and UF/DF.
Molecular Characterization
The MW of the PSA-EPO conjugate was found to be ~45 kDa (Supplement Fig. 2) by SDS-PAGE. The conjugate con- tained an average ~1 mole of PSA per mole of EPO, measured by resorcinol assay and UV 280nm . The attachment site of PSA was determined by peptide mapping after Lys-C digestion of PSA-EPO. The N-terminal peptides of PSA-EPO were detected only at signal intensities of 20-25% of those observed for the EPO starting material and reference standard, indicating that the majority of PSA had attached at the N-terminal primary amines of EPO (Supplement Scheme 1 and Fig. 3) . The result of peptide mapping of PSA-EPO after tryptic digestion was consistent with this characterization (data not shown).
EPO is a compact globular protein, consisting of a four helix bundle and two short helices. The structural integrity of EPO dictates its binding to and activation of EPOR. The crystal structure of EPO and EPOR, as well as alanine scanning have revealed that the N-terminus is distal to the effective binding interface between EPO and EPOR [33] . As observed by circular dichroism (CD), the secondary structure of EPO in the PSA-EPO conjugate remained highly similar to wild-type EPO (Fig. 5A) , displaying a minimum at 208 nm and a shoulder at 222 nm [58] . The minimal structural perturbation of EPO, upon controlled polysialylation directed toward specific attachment site, is expected to permit the proper binding and activation of EPOR. Of additional note, the melting point (T m ) of PSA-EPO was ~13°C higher than that of EPO (Fig. 5B) , illustrating superior thermal stability imparted by polysialylation. This increased thermal stability, and the high water solubility of PSA allowed the PSA-EPO to be formulated in a buffered solution without additional excipients such as albumin or polysorbate.
In Vitro Degradation by Sialidases
In humans, PSA found on native polysialylated proteins [such as PSA-neural cell adhesion molecule (PSA-NCAM)] is presumably degraded by both enzymatic and acid-induced mechanisms. We found that the PSA of PSA-EPO was hydrolyzable upon treatment with endosialidases in phosphate buffer at physiological pH. PSA-EPO was incubated with Endo-N sialidases and the mixtures at time points were profiled by SE-HPLC. A shift of elution time indicated the hydrolysis of the PSA chain ( Supplement Fig. 4) . Depolymerization of PSA also occurs under acidic conditions similar to those found in endosomes and lysosomes [59, 60] . Such biodegradability could mitigate the risk of tissue accumulation, particularly in clinical uses that call for high, frequent, or chronic dosing. Fig. (6) . Prolonged erythropoiesis induced by PSA-EPO in female Wistar rats (8 9 weeks old) at doses of 0.6 and 1.5 g/kg body weight. Data are represented as mean ± s.e.m (n = 5 rats per group).
Biological Activity
In vitro activity of PSA-EPO was evaluated by a 3 Hthymidine incorporation assay using spleen cells collected from phenylhydrazine (PHZ) treated mice [47] . 3 H-thymidine is incorporated into newly formed chromosomal DNA in these pro-erythroblasts upon EPO stimulation. The acquired radioactivity was about 10-to 20-fold lower when treated with PSA-EPO, as compared to EPO on a protein equivalent basis (data not shown). However, this decreased in vitro potency of PSA-EPO did not lead to lowered response of erythropoiesis in vivo, as the extended half-life of PSA-EPO was the primary driver for the degree of erythropoiesis, not the decreased in vitro potency. In female Wistar rats (8-9 weeks old), PSA-EPO increased reticulocyte levels at doses of 0.6 and 1.5 g/kg body weight to a greater extent than EPO (Fig. 6) . A dose-dependent response in terms of erythropoiesis for all EPO preparations was observed. Reticulocyte counts peaked at day 4 and returned to baseline level when given EPO at 1.5 g/kg, while PSA-EPO exhibited a significantly prolonged duration of activity, lasting at least 7 days at both doses, with a gradual onset of action at 0.6 g/kg. It would be interesting to explore the cross-reactivity of human EPO to murine and rat EPOR in order to assess whether the reduced activity of PSA-EPO on murine erythroblasts could be due to a heterologous system if any.
Clinical PK and PD
Single-dose PK and PD were evaluated at three dose levels (0.5, 1 and 2 g/kg body weight) after SC administration in CKD patients not on dialysis during a clinical study of PSA-EPO. The mean serum concentrations of PSA-EPO over time are shown in Fig. 7A . The maximum serum concentration (C max ) was achieved at around 80 100 h for all three dosages, ranging from 1.4 to 9.3 ng/mL (Table 1) , indicating a much slower absorption of PSA-EPO relative to rhEPO (C max , 15 29 h in healthy volunteers) [31] . The area under the concentration-time curve (AUC) increased in a dose-dependent manner ( Table 1) . PSA-EPO has a half-life of 400 500 h in CKD patients not on dialysis, significantly longer than that of rhEPO, which has a half-life of 19~24 h after SC injection. It should be noted that there is a pronounced difference in the half-life of PSA-EPO between patients and healthy volunteers (~120 h after SC injection). This result appears to be in direct contrast to rhEPO, which has comparable PK characteristics in healthy volunteers and CKD patients [52] . Nevertheless, conjugation of PSA greatly extended the half-life of EPO, which may lead to a oncemonthly injection or even longer interval between injections by adjusting the dose accordingly.
EPO binds to its receptors on progenitor cells in the bone marrow, and then stimulates proliferation and differentiation of erythroid cells, leading to the generation of reticulocytes, which develop into red blood cells. Absolute reticulocyte count (ARC), as the primary pharmacodynamic parameter, was measured by flow cytometry. The mean ARC was higher in the patients given higher doses of PSA-EPO during most visits, in the order of 2.0, 1.0 and 0.5 g/kg cohorts (Fig. 7B) . The absolute reticulocyte response in 2.0 g/kg dose cohort reached a maximum at day 7, with sustained response until day 28, manifesting a property of long-acting ESAs.
In a phase II clinical trial, CKD patients not on dialysis were treated with PSA-EPO with a dosing interval of 2 weeks during the correction phase, followed by 4-week dosing intervals, during the maintenance phase. The hemoglobin level was gradually improved to the therapeutic range [61] of 10 12 g/dL during the correction phase, and was stable in the maintenance phase (data to be reported). The increase of serum hemoglobin level was dose-dependent over several doses examined. These results together with the tolerability profiles suggest that PSA-EPO is promising as a nextgeneration long-acting ESA.
The ratio of AUC for pharmacodynamics (reticulocyte count) using 0.5, 1 and 2 g/kg PSA-EPO doses were 1, 2.7 and 7.2 respectively. The number of subjects with significant response was higher in 2 g/kg cohort, as compared to 0.5 and 1 g/kg cohorts.
At this stage, we do not have a clear understanding on why the half-life of PSA-EPO is much longer in patients, in comparison with EPO. EPO is eliminated from human bod- ies mainly by renal filtration and receptor-mediated internalization/degradation. One possible reason is that PSA is highly negatively charged, and therefore removal of PSA-EPO through filtration via the basal membrane (highly negatively charged as well) is hindered due to charge-charge repulsion.
Could it be this impairment intensified in the CKD patients? Another reason may be that the lowered EPO level in the CKD patients results in different receptor-mediated clearance for PSA-EPO.
This clinical study has no control EPO arm. The extended half-life and effective PD are still manifested in our clinical studies, though. A head-to-head study certainly would provide scientifically sound comparisons, in particular when inclusion, exclusion criteria, geographic factor, lab method and testing are all considered. The resource constraints (e.g. patient enrollment, expense of the study, ethical reasons) did have an impact on the protocol design.
Immunogenicity
Unwanted immunogenicity of protein therapeutics, as well as immunogenicity of any copolymers and linkers (e.g. PEG), could render proteins or conjugated proteins ineffective or cause undesirable side effects [62] . Repeated use of some EPO drugs has been shown to provoke immune responses and the development of anti-EPO antibodies, and pure red cell aplasia (PRCA) in some patients, rendering those patients refractory to continued use of EPO [63, 64] .
Immunogenicity of PSA-EPO in CKD patients not on dialysis was examined by a Luminex-based antibody capture assay. The assay was developed using conjugated Luminex beads in a singleplex format, and its specificity was verified using two commercial antibodies specific for EPO and PSA, respectively. A total of 55 human sera were screened for the presence of human IgM or IgG antibodies against PSA, EPO and PSA-EPO target antigens at day 28 post-dosing after a single dose of PSA-EPO. No IgM or IgG antibodies recognizing any of these target antigens were identified in these samples (see Supplement Table 2 for related LOD and LOQ). In a previous phase I trial, no anti-PSA, anti-EPO, and anti-PSA-EPO antibodies were detected in 63 healthy volunteers at day 14, 28, 42 and 56 after SC administration of single-dose PSA-EPO. Since the sampling, reagents, assay sensitivity and patient population, all have an impact on the antibody detection; the immunogenicity of PSA-EPO will be continuously evaluated, particularly after repeated dosing. The results so far support that PSA conjugated to EPO does not elicit immune responses and might reduce the immunogenicity of the EPO moiety itself.
CONCLUSION
Enhancement of protein therapeutics through polymer conjugation is a proven approach, illustrated by a significant number of Fc-fusion and PEGylated proteins in clinical use and many more in development. Pharmacologically important attributes such as biodegradability, nonimmunogenicity and hydrophilicity of polysialic acids make them attractive as a drug delivery polymer. The two case studies on DNase and EPO presented here demonstrate that polysialylated DNase and EPO remained functionally active and had increased stability against thermal stress, in the protease-rich environments, and in human circulation. Phase I and II clinical trials of PSA-EPO in CKD patients not on dialysis, highlighted its significantly improved pharmacokinetic properties and possibly non-immunogenicity (albeit limited data so far), suggesting that PSA-EPO has potential as a next-generation long-acting ESA for managing anemia.
CURRENT & FUTURE DEVELOPMENTS
The PolyXen™ polysialylation platform, Xenetic Biosciences' patented and proprietary technology has been expanded to improve a number of protein drug candidates, e.g. polysialylated erythropoietin (PSA-EPO) and polysialylated recombinant factor VIII (PSA-FVIII, BAX 826, SHP656), the latter being the subject of a recent Phase I clinical trial sponsored by Shire plc [22, 23] . The PolyXen platform may also prove useful for delivery of other therapeutic agents including small molecules and oligonucleotides.
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